This paper presents the simulation of operation of a turbocharged medium-speed marine diesel engine, incorporating two prototype modifications to counteract fuel-air mismatch during transient loading -injection of high pressure air on the compressor impeller and variable path exhaust manifold allowing pulse or constant pressure turbocharging. The simulation work was performed using the MOTHER code, an in-house developed thermodynamic code, applied to the MAN B&W 5L16/24 test engine, installed in the Laboratory of Marine Engineering NTUA. For typical transient engine loading profiles, obtained from ship-board measurements, the simulation results clearly show the improved response of the turbocharger compressor. The simulation results were used in the design of related experiments, with the prototype components installed on a test engine.
Introduction
The marine diesel engine, which accounts today for 98% of ship propulsion, has inherently low emissions of carbon monoxide and unburned hydrocarbons.
Emissions from marine diesel engines account for about 4.5 % of total mobile source NOx emissions and about 1 % of particulate matter emissions. Despite the relatively low contribution of marine power plants to global emission levels, the contribution of ships to emissions in harbors and near coastal areas is significantly higher [1] . project SMOKERMEN. These were adapted and used in the test engine simulations, and the effects of using the two prototype modifications on the turbocharger and engine performance were investigated. The simulation results were used for the design of experiments, to optimize these prototype components installed on a test-bed engine. For the experimental investigation of engine performance with high pressure air injection on the compressor impeller, a high pressure air injection system was to be installed. The high pressure air injection system allowed the supply of compressed air from bottles through orifices onto the compressor impeller blades.
For the pulse turbocharging application, the existing conventional exhaust manifold was to be replaced by a variable path exhaust manifold, consisting of three pipes interconnected with two butterfly valves. A 3 entry turbine casing was to replace the existing single entry one. When the butterfly valves are fully opened, this turbocharger system operation is converted from pulse to constant pressure type (Figurelb).
Engine Simulation Code
The thermodynamic engine simulation code MOTHER compressor, which was to be installed on the MAN B&W 5L16/24 engine of NTUA/LME test-bed.
The above described air injection model was incorporated in MOTHER code as follows:
The additional impeller torque provided by the air injection was simulated as an external load applied on the turbocharger shaft. Thus, the compressor is driven both by the turbine torque and the additional air injection torque.
• The shift of the compressor map constant speed curves, due to air injection, was simulated as a time dependent compressor map shifting, towards higher pressure ratios and flow rates. Thus the compressor operating point moves towards higher pressure ratios and flow rates for a certain TIC speed.
Variable Path Exhaust Manifold System Modeling
Another method for preventing the lambda drop during a sudden load increase is the use of a pulse turbocharging system. Lambda ( 2 ) is defined as the actual air fuel/ratio divided by the chemically correct (stoichiometric) air/fuel ratio. The variable path exhaust manifold system allows to fully exploit the potential of pulse turbocharging for part load and acceleration operation and to revert to a constant pressure system for high load steady state operation. When the system valves are closed, the low volume system pipes give high pressure pulses and cause very efficient transmission of the blow down energy to the turbine. In high load operation, the pipes are interconnected (i.e. valves are opened) so as to reduce the amplitude of the pressure pulsation. The variable path exhaust manifold system was incorporated in the MOTHER code as follows:
• The three pipes of the turbocharging system were simulated as three plenums with constant volumes. Each plenum volume was equal to the corresponding pipe volume.
• The two hot gas butterfly valves connecting the three pipes were simulated as flow controllers (valves).
• The 3-entry turbine was simulated as three smaller identical turbines connected to the compressor via the same shaft. The efficiency of each turbine was taken equal to the efficiency of the actual turbine, operating under steady state conditions, multiplied by a pulse factor. The pulse factor, which incorporates the effect of exhaust gas pulses on the turbine efficiency for two operating modes (two valves open and two valves closed), was provided by the turbocharger manufacturer (ABB).
Simulation Results
The objective of this section is to present the simulation work performed with the above described models, for the investigation of the engine transient response, using air injection on the compressor impeller or variable path exhaust manifold system. The results from the simulation work were used in the design of experiments, conducted by the Laboratory of Marine Engineering, with the two prototype systems installed on the test engine.
Steady State Operation
Before the engine transient response investigation, several steady state runs at 25%, 50%, 75% and 100% engine load at 1200 rpm were performed, in order to calibrate the various sub-models on the simulation code.
The predicted results were found to be in good In the first case, the engine response during linear load increase from 25% to 50% load, at 1200 rpm, with compressor air injection of 3 and 5 bar pressure, was examined. It was assumed that air injection is activated concurrently with load increase and lasts for 4 seconds. since the compressor needs more time to reach the new steady state operating point due to the shorter assistant air injection action. Thus, it was decided that air injection duration should be in the neighborhood of 4 seconds for avoiding air-fuel mismatch.
In the third case, the transient engine operation following the propeller law was simulated. In this case the engine accelerates from 880 rpm to 1200 rpm, following the propeller law. Figure 6 presents a typical set of predicted results including brake power, engine speed, turbocharger speed and lambda ratio. As can be seen, the compressor accelerates slowly, no TIC speed overshoot is observed and the predicted results are in full agreement with the measured results from LME/NTUA test bed.
The engine response in the above mentioned case was also examined under the action of air injection onto the compressor impeller. In this transient simulation run the air injection was activated with load increase for the whole transient duration. The air injection pressure was set to 4 bar. The predicted engine response, with and without air injection, is comparatively presented in Despite the lower turbine efficiencies due to exhaust gas pulses, the turbine delivered power is higher due to the increased pressure field developed upstream of the turbine. The increased turbine power urges the compressor to operate at higher rotational speeds and pressure ratios and thus more air is available to engine for combustion and less smoke emissions are produced (Figure 7 ). 
